SUMMARY
INTRODUCTION
Voltage sag is a momentary reduction of the rms voltage magnitude in a range of 0.1-0.9 per unit together with duration from 0.5 to 30 cycles [1] . The causes of the voltage sag include faults on transmission system, faults on distribution system and faults occur on an electrical system within customer facilities. Figure 1 shows a simulated waveform of voltage sag in five cycles (100 ms) at low voltage bus, which is caused by the single line-to-ground fault on the distribution feeder. There are many reports which indicate that the voltage sags of 85% to 90% of nominal voltage lasting as short as 16 ms cause immediate outages of critical industrial processes [2] . Therefore, voltage sag is a serious power quality problem for industrial customers.
Large current flow associating with the starting of a big motor also causes voltage sag [1] , [3] . Figure 2 shows the immediate 80% voltage sag due to motor starting and then the voltage gradually returns to normal in approximately three seconds (150 cycles). Typically, the duration of motor starting voltage sag is longer than 30 cycles and is associated with shallow voltage sags [4] . This drop in magnitude is usually not severe enough to cause tripping out of sensitive load [5] . Voltage sag is commonly described by two essential characteristics, namely sag magnitude and sag duration [6] . Therefore, analysis and assessment of voltage sag necessarily require the knowledge of the voltage sag characteristics, the statistical information of voltage sag occurrence, and the information of the sensitivity of important loads within the facility [5] .
BASIC TYPES OF THREE-PHASE UNBALANCED SAGS
Four types of sag due to balanced and unbalanced faults, namely type A, type B, type C, and type D [7] are shown in Figure 3 . Sag type A is the result of three-phase faults (3PF) and sag type B is the result of single line-to-ground faults (SLGF). The line-to-line faults (2PF) produce voltage sags type C and D for wye and delta connected loads, respectively. The relationship of the voltage sag type between the high voltage bus and low voltage bus of the transformer also depends on the winding connection of the power and distribution transformers. The transformation of sag types from high-voltage side to low-voltage side is also explained in [7] and [8] . 
C C I I R R E E D D

VOLTAGE SAG MAGNITUDE
The voltage sag magnitude at GEN, DS-HV, DS-MV, and DX-LV buses were calculated in order to analyze voltage sag characteristic in the distribution system. The voltage sags at the above mentioned buses, which are the results of 3PF and SLGF on phase A, two examples are shown in Table 1 and Table 2 for faults on the transmission system and one example is shown in Table 3 for faults on the distribution system. (Table 1 and Table 2 )
Faults on the Transmission System
Each Table shows the magnitude of voltage sags at each bus, when the fault occurs on the transmission system, at the position specified in the first column.
Three-phase faults. The sag magnitudes of phase A, B, and C due to 3PF are equal and only one value is shown in the second column of the Tables. When 3PF occurs at the transmission system (GEN, TL, DS-HV), the voltage at DS-HV, DS-MV and DX-LV on the distribution side become zero. At GEN bus (Table 1) , the voltage sag magnitude increases when fault occurs far away from GEN bus.
Single line-to-ground faults. The voltage on the faulted phase (A) in transmission system drops to zero at the fault location, whereas the other two non-faulted phase voltages slightly increase. This is because the differences between zero sequence and positive sequence impedance of the network. This unbalanced voltage sag is transferred down to mediumvoltage system. Thus, sag type B on 115 kV circuit becomes sag type C on 24 kV circuit, and is transferred to become sag type D at low-voltage system, as shown in Table 2 . In addition, fault at or close to generator bus and in transmission circuit, particularly with short transmission line will cause serious voltage sag on the distribution system. 
Faults on the Distribution System
The effect of faults occur on parallel primary feeder on the Table 3 . It is apparent that the sag magnitude at low-voltage bus depends on the location of the fault, namely the load will experience deep sag when faults occur at or near the distribution substation and the phase voltages gradually increase with the increasing distance of the parallel feeder. Figure 5 shows the plot of the magnitude of phase voltage at low-voltage bus, DX-LV (lowest magnitude in the case of SLGF) versus fault locations on the feeder F2 (Table 3) . It is apparent that the SLGF condition results in much less severe voltage sag than the 3PF condition at low-voltage bus due to the delta-wye distribution transformer [5] . 
VOLTAGE SAG DURATION
Voltage sag appears on the equipment terminals as long as the protection equipment allows fault current to flow. General speaking, the voltage sag duration is limited by the fault clearing time of the protection equipment, i.e. protective relay and circuit breaker. Fault clearing time also depends on the power utility's system protection practice. In general, the protection schemes of transmission and distribution systems are different. A transmission line is commonly protected by distance relay as primary relay and by overcurrent relay as backup relay. On the other hand, an overcurrent relay is commonly used for protecting the primary feeder in distribution system. Moreover, an auto-reclosing function is normally applied in protection scheme of overhead primary feeder. Therefore, an intentional time delay setting is also sought by using fault current and time/current characteristic curves of relay. Figure 6 shows current/time characteristics of IDMT relay at time multiplier setting of 1.0 s [9] . Also, some of the setting time of the mentioned relays, which are applied in MEA's power system, are given in Table 4 . Typically, the total clearing time can be determined by adding the circuit breaker clearing time (3-5 cycles) to relay operating time. For example, if SLGF occurs in the zone 1 (within 16 km from GEN bus) of 115 kV line in Figure 4 , the voltage sag can exist in the system around 90 ms. This line is finally tripped out by line circuit breaker at GEN bus, which operates at 3 cycles after receiving the signal from the distance relay. Similarly, if a fault occurs on primary feeder, the voltage sag lasts on the DS-MV bus in Figure 4 about 130 ms. Then this fault is cleared by feeder circuit breaker, which operates at 5 cycles after receiving the signal from the overcurrent relay. 
VOLTAGE SAG SURVEY Voltage Sag Monitoring
In order to investigate the voltage sag characteristics and equipment sensitivity in customer's processes, the voltage sag monitoring was made at four sample sensitive customer sites [10] . Table 5 shows the list of four different sources and sample customers. The power quality recorders (PQRs)
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were installed for one month at both 24 kV source bus and 416 V plant bus. Figure 7 shows the circuit diagram of PQRs installation at one sample customer. Figure 8 shows the recorded waveforms for case No.2 in Table 5 . An unbalanced voltage sag in Figure 8 Another case for source and load No. 4 is shown in Figure 9 . The sag type B was caused by single line-to-ground faults on phase A of parallel feeder that was connected to Taiban bay no.1 bus, Figure 9 (a). The effect was transferred down to sag type C at Plant D bus as shown in Figure 9 
Voltage Sag Monitoring Report
The results of voltage sag monitoring are displayed on the voltage tolerance CBEMA curve (Computer Business Equipment Manufacturing Association curve) in order to assess the effects of individual voltage sag to sensitive equipment operation [3] . This curve consists of upper and lower envelopes that represent the unacceptable supply voltage region due to overvoltage and undervoltage respectively. Figure 8 shows The monitoring can only be done at some parts of transmission and distribution network. The 17 voltage sag events were recorded by the PQRs installed at both distribution substation buses and plant buses and were displayed on the CBEMA curve. This report implies that the voltage sags contribute moderate effect to sensitive load operation. Therefore, if the ride-through capability of sensitive equipment is suitably adjusted, the operation of sensitive equipment will not be much disturbed by voltage sag. However, if the equipment is more sensitive, the suitable power conditioning equipment should be introduced to enhance ride-through capability of sensitive equipment or critical load. 
APPENDIX
Parameters of the Model System
